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Abstract
Blast waves generated by intense explosions cause damage to structures and human
injury. In this thesis, a strategy is investigated for relief of blast overpressure re-
sulting from explosions in air. The strategy is based on incorporating a layer of low
pressure-low density air in between the blast wave and the target structure. Simula-
tions of blast waves interacting with this air-vacated layer prior to arrival at a fixed
wall are conducted using a Computational Fluid Dynamics (CFD) framework. Pres-
sure histories on the wall are recorded from the simulations and used to investigate
the potential benefits of vacated air layers in mitigating blast metrics such as peak
reflected pressure from the wall and maximum transmitted impulse to the wall. It
is observed that these metrics can be reduced by a significant amount by introduc-
ing the air-vacated buffer especially for incident overpressures of the order of a few
atmospheres. This range of overpressures could be fatal to the human body which
makes the concept very relevant for mitigation of human blast injuries. We establish
a functional dependence of the mitigation metrics on the blast intensity, the buffer
pressure and the buffer length.
In addition, Riemann solutions are utilized to analyze the wave structure obtained
from the blast-buffer interactions for the interaction of a uniform wave an air-depleted
buffer. Exact analytical expressions are obtained for the mitigation obtained in the
incident wave momentum in terms of the incident shock pressure and the charac-
teristics of the depleted buffer. The results obtained are verified through numerical
simulations. It is found that the numerical results are in excellent agreement with
the theory. The work presented could help in the design of effective blast protective
materials and systems, for example in the construction of air-vacated sandwich panels.
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Chapter 1
Introduction
Due to the acts of terrorism in recent years, there has been an enormous increase
in the intensity of damage caused to structures and the number and the severity of
human injuries. There were over one hundred terrorist incidents all over the world and
around one thousand human casualties caused by these incidents this year alone [1].
Hence, there is a need to use effective blast mitigation methods in order to contain the
damaging effects of terrorism. This makes the development of protective strategies for
blast mitigation extremely significant and immediately important in today’s society.
Significant governmental, military and civilian resources have been directed towards
the development of strategies for blast protection. There is an increased interest in
research focusing on the design of civilian and military structures, vehicles and armor
for personnel protection with improved blast resistance properties. In this chapter, we
present some of the well-understood concepts about blast waves, the recent advances
in the development of strategies for blast protection and the context of the present
work in this field.
1.1 Explosions and Blast Waves
A chemical explosion involves the rapid oxidation of the fuel elements (carbon and
hydrogen atoms) forming a part of the explosive compound resulting in a sudden
release of energy over a very short period of time (in the order of a few microseconds).
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The oxygen needed for this reaction is also contained within the compound so that
air is not necessary for the reaction to occur. The rate of the reaction is much greater
than the rate of the burning of a fuel in atmospheric air [5].
When the explosive materials decompose at a rate much below the sound of speed,
the combustion process is known as deflagration. Deflagration is propagated by the
liberated heat of the reaction and the flow direction of the reaction products is oppo-
site to the direction of decomposition. If the decomposition rate of the explosive is
greater than the speed of sound, the combustion process is known as detonation. Most
explosives can be detonated if a sufficient stimulus is given. Detonation produces a
high intensity shock wave with large pressure and temperature gradients at the shock
wave front. The reaction is initiated instantaneously. The reaction rate, described by
the detonation velocity, lies between 1500 and 9000 m.s−1 which is appreciably faster
than the propagation speed in deflagration [16].
Most explosives in common use are condensed: they are either liquids or solids.
In this work, we focus on explosions caused by the detonation of condensed blast
explosives. It is common to use TNT as a reference explosive for measuring the
blast parameters. The blast energy from explosives other than TNT equals a ‘TNT
conversion factor’ times the mass of the explosive multiplied with the specific energy
of TNT. Conversion factors for a number of explosives are given in literature [23].
1.1.1 Spherical explosions in air
The following discussion pertains to the case of explosions that are generated and
propagate in free air remote from any reflecting surface. This case is easier to ana-
lyze than other type of explosions such as underwater explosions and hemispherical
explosions.
When the explosive is detonated, it decomposes violently with the release of heat,
sound and the production of gas. In air, the chemical explosive is converted almost
instantaneously into explosive gases which are in a state of high pressure and high
temperature. The gases expand violently and force the surrounding air out of the
volume it occupies. A layer of compressed air or the blast wave, develops in front of
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Figure 1-1: A schematic overpressure profile measured by a pressure sensor at a fixed
distance from the explosion center [27].
the gases. The blast wave contains as much as 95% of the available energy. The rest
of the energy is dissipated through thermal radiation and light generation [27]. For
our purposes, we consider that all of the explosion energy goes into the energy of the
blast wave. The fast energy release causes an instantaneous increase in the pressure
and temperature of the explosive products to values that can reach 100 GPa and 3000
K respectively. The extremely high pressure within the explosion products generates
a strong blast wave propagating in the surrounding medium away from the explosion
center at supersonic speeds of the order of 2-3 km.s−1. As the gas expands away
from the source, its pressure falls to atmospheric pressure. There is a reversal of flow
towards the source driven by the pressure differential between the source point and
the wavefront. This induces a region of ‘underpressure’ in the blast wave which is seen
as a ‘negative phase’ in the time history of the blast wave at a fixed point. Eventually
the situation returns to equilibrium as the motion of the air in both directions ceases
and ambient conditions are attained [12].
A typical pressure-time profile for a blast wave in free air at a fixed point in space
is shown in Figure 1-1. The profile is often described by exponential functions such
as the modified Friedlander equation [5].
p(t) = p0 + ps
(
1− t
t+
)
e
− bt
t+ , (1.1)
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where ps is the peak overpressure, p0 is the atmospheric pressure, t+ is the decay time
and b is called the waveform parameter that can be chosen to customize the pressure
profile for any energy, at various distances from the source. The reference time is ta,
the time of arrival of the blast wave at the point of interest.
The specific impulse during the positive phase is is calculated as,
is = Total impulse per unit area =
∫ t+
0
(p− p0)dt. (1.2)
The blast parameters of interest are the blast wavefront velocity, the maximum dy-
namic pressure, the peak static overpressure, the specific impulse of the wave and the
duration of the positive phase of the wave. Of these parameters, one of the most im-
portant parameters which characterizes the blast wave is the peak static overpressure
ps.
Extensive numerical simulations have been carried out by H. L. Brode [10] to
obtain empirical formulas for ps at near and medium to far field points. The empirical
formulas giving the variation of ps with the distance from the center of spherical
charge, r, measured in m, the energy released during the blast, Ei and the atmospheric
pressure p0 are given by equation 1.3.
ps = p0
(
C1Ei
p0r3
+ 1
)
, if ps > 10p0,
ps = p0
(
C2Ei
p0r3
+
C3E
2
3
i
p
2
3
0 r
2
+
C4E
1
3
i
p
1
3
0 r
− 0.019
)
, if 0.1p0 < ps < 10p0,
(1.3)
with C1 = 0.1567 m
3.Pa.J−1, C2 = 0.137 m3.Pa.J−1, C3 = 0.119 m2.Pa2/3.J−2/3 and
C4 = 0.269 m.Pa
1/3.J−1/3.
Extensive work has been done to obtain exact expressions for the peak static over-
pressure in terms of the energy of the blast and the standoff distance. A scaling of
the peak overpressure with the energy released during the explosion was first derived
by G. I. Taylor [44], assuming that the ambient atmospheric pressure is negligable
compared to the peak overpressure. Exact similarity solutions, based on Taylor’s
scaling were derived by John von Neumann [49] and L. I. Sedov [40]. Extensions
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to these similarity solutions were derived for explosions with different initial condi-
tions such as explosions in variable density atmosphere [41], explosions in a constant
density, gamma-law atmosphere [32] and homothermic (constant temperature) flow
behind the shock wave [30]. A major limitation of these similarity solutions is the
assumption that the pressure of the quiescent medium is zero, which is a good ap-
proximation only for peak incident overpressures greater than 10 bar. Nonetheless,
they are significant for theoretical developments. They have also formed an impor-
tant basis for numerical computations of the shock flow properties which take into
account the pressure of the quiescent medium [4,39].
1.2 Blast Damage
Explosions in air create intense shock waves which reflect from the objects they in-
tercept with reflected overpressures as high as eight times the incident overpressures,
transferring huge impulses in the process and causing damage to the objects. For a
structure of finite dimensions, while some part of the wave races ahead causing dam-
age to its overpressure and impulse, the dilatational part of the wave causes suction
and damage due to its underpressure. The scaling procedures and the design criteria
that enable the assessment of the damage caused by blast waves to structures is given
in standard references [13].
The scaling procedures and the experimental observations that enable the assess-
ment of the intensity of the injuries and trauma that are caused to human beings
by air-blast overpressures and impulses were developed in [9]. Figure 1-2 shows the
survivability curves for fatality from lung damage to a human body. In the figure,
m (in kg) is the weight of the man subjected to a blast wave with peak incident
overpressure, ps and specific impulse, is and p0 is the atmospheric pressure. The man
is assumed to be standing perpendicular to the wave in the free blast field on flat and
level ground when contacted by the blast wave. This figure is a good assessment of
human injury since the lungs are more susceptible to primary blast damage than any
other internal organ [6]. From the figure, it is seen that the survivability of a man
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Figure 1-2: Survivability curves for lung damage to man [6].
decreases when the blast overpressure or the blast impulse increases. It is also seen
that blast overpressures of the order of a few atmospheric pressures are very relevant
for assessing the injuries caused to human beings.
1.3 Blast Mitigation Strategies
Numerous strategies have been investigated for mitigating the damage caused to
structures due to the blast loads. A majority of the strategies are based on increasing
the energy dissipation capabilities of the structure [17], increasing the mass of each
individual component and using energy absorbing materials such as foam-like materi-
als [3] and polymers [37] in the design and construction of the structures. There have
also been studies based on the concept of fluid-structure interaction (FSI) for blast
mitigation originating from G. I. Taylor [43]. Taylor showed that FSI can be helpful
to mitigate the momentum of blast waves in the acoustic range. A main result of
Taylor’s studies of FSI is that light structures acquire a considerably small fraction of
the free field impulse from blast waves than heavy or rigidly clamped plates. Taylor’s
result has been used in the design of sandwich panels with increased resistance to
underwater explosions [34]. Optimized sandwich-plate designs have been predicted
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to be capable of sustaining impulsive loads significantly larger than monolithic plates
of equivalent weight [26]. Metallic sandwich panels with foam cores have been shown
to be effective in momentum mitigation under impulsive loading for a low core to
facesheet mass ratio [22]. Analytic extensions of Taylor’s results in the linear acous-
tic limit to the non linear compressible range have recently been proposed [27, 28]
which have been used to evaluate the response of metal sandwich panels to high in-
tensity air-shocks [46]. Recently, an active deployable concept for mitigation has been
shown to be beneficial for ameliorating injury to the human biological structures [51].
It is seen that a significant amount of work has been done in the design of sandwich
panels utilizing the concept of fluid-structure interaction which demonstrate enhanced
blast mitigation properties. A concept that has not been explored to the same level is
the modification of the medium of propagation of the blast wave. The pressure of the
blast waves traveling in a medium of depressed air, with pressure and density lower
than ambient air, can be significantly lower than the pressure of blast waves traveling
in air, depending on the depressed air pressure. The limiting case of the depressed
air medium is vacuum whose pressure and density are negligable compared to air.
The mitigating effects of using vacuum as a medium of propagation have exper-
imentally been studied in [45]. A free plate is subjected to cylindrical blasts in an
air filled and evacuated spherical tank. The average deflection depth of the plate is
around 9% larger in the case of air vs. vacuum, while the maximum deflection is
33% larger. The pressures experienced by the plate was higher on average for air vs.
vacuum, and increased as a function of time in air due to combustion effects.
In U.S. Pat. No. 3,804,017, issued Apr. 16, 1974, D. Venable et al. [47] disclose
that mitigation of the blast and shock transmission from an explosive event within
a confined volume is achieved by substantially filling it with vermiculite (low density
particulate energy absorbing medium) and drawing a partial vacuum into the confined
volume. This invention is supported by experiments. 28 lb charges of high explosive
composition were detonated in 6 ft diameter spherical confined vessels at atmospheric
pressure and at a pressure of several thousand microns in a vermiculite filled vessel.
The pressure rise at the wall of the vessel was less in the vermiculite filled vessel with
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partial vacuum by a factor of 27 than the vessel with no filling.
Both studies are based on depleting the pressure of the medium in the entire
domain from the explosive to the target. It is demonstrated that the pressure ex-
perienced by the target is lower in the case of a blast wave traveling in vacuum as
compared to a blast wave traveling in air. Based on this property of an air-depleted
medium, a concept is proposed that could contribute to the relief of the incident
overpressure and the overpressure experienced by the target. This concept consists of
incorporating an air-depleted or air-vacated buffer in the last stages of propagation
of the blast wave before it interacts with the target. Interaction of the blast wave
with the buffer could lead to a wave structure with lower incident pressure resulting
in lower reflected overpressure and impulse on the target.
Before endeavoring to conceive ways to implement this concept, it is important to
explore the concept theoretically and characterize the mitigation achieved with the
depletion of the medium. In this thesis, we explore the mitigation attained through
the airvacation concept of depleting the medium of propagation by reducing pressure
and density of the environment next to the target. The length of the depletion is
small compared to the standoff distance of the target. Numerical simulations are
done to calculate the maximum pressure and the maximum impulse transferred to
the target by the blast wave in air and with the depletion of the medium.
1.4 Objective
The objective of this thesis is to check the feasibility of using the concept of airvacation
for the relief of blast overpressure and blast momentum in air. An understanding is
sought of the influence of the blast energy and the characteristics of the air-vacated
buffer on the effectiveness of the concept for mitigation. The work done could be
significant in developing strategies incorporating vacated air layers for blast and injury
mitigation.
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Chapter 2
Numerical Studies of Airvacation
Concept for Blast Mitigation
The idea of the airvacation concept is to make blast waves interact with a buffer
filled with quiescent gas with pressure and density lower than ambient pressure and
density, before their interaction with a target. One way to model the concept is to
assume that the depressed gas is enclosed in a layer attached to the target. This
layer disintegrates when the blast wave comes in contact with it allowing for the
blast wave to interact with the depressed air. Numerical simulations are conducted
to understand the blast-buffer interaction and study any subsequent relief of the blast
impact on the target obtained by using the buffer.
The modeling approach requires an accurate representation of the flow conditions
of the blast wave initialization, its propagation in air, its interaction with the air-
vacated buffer and its subsequent reflection from a fixed wall. The computation is
done using the computational fluid dynamics (CFD) code available as a part of the
Virtual Test Facility [48]. The Virtual Test Facility (VTF) is a source code collec-
tion of compressible computational fluid dynamics and computational solid dynamics
solvers. The CSD solvers provide capabilities for simulation of large plastic defor-
mations, fracture and fragmentation in solids [19] and material response under shock
wave and detonation wave loading [21]. AMROC (Adaptive Mesh Refinement in
Object-oriented C++) is the fluid solver framework within the VTF software [20].
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AMROC extends the capabilities of an arbitrary simple solution-routine for a con-
servative time-explicit finite-volume scheme formulated on a single uniform grid to
a complex multi-level simulation code. The code has capabilities to simulate flows
with strong shocks, fluid mixing as well as highly coupled fluid-structure interac-
tion problems. A more detailed description of the framework and its validation with
experiments for coupled blast-structure interaction problem is given in [38]. The
framework supplies a generic object-oriented implementation of the special version of
the blockstructured adaptive mesh refinement algorithm in [7] in C++.
2.1 Blast Initialization
During the ignition of an explosive, there is a sudden release of chemical energy from
a concentrated source which leads to the formation of shock waves. The detonation
process itself which leads to the formation of the blast wave is of little significance
and is not modeled due to the orders of magnitude difference in the timescales of
the blast wave propagation and the detonation process. This is a common modeling
approach for blast waves [29,33,50].
In calculations leading to the blast wave initialization, there are two approaches
that are commonly used. One is to assume that the shock waves resulting from the
explosion form an isothermal sphere (in case of a spherical explosion) with a uniform
pressure and density. The explosion energy, the initial temperature and the radius
of the sphere are specified to initialize the explosion. The other is to assume that
the blast waves are generated by a point source explosive. The total source energy
is the only describing characteristic of the explosive. This approach is considered in
our calculations.
2.1.1 Isothermal model
Brode [10] showed that it is sufficient to initialize the fluid flow variables in the
volume originally occupied by the explosive as a region of uniform high temperature
and pressure for an accurate representation of the initial blast wave. The expanding
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gas from the sphere is assumed to have a constant specific heat γ at all stages. Given
the energy released during the blast E0, an estimated initial temperature Ti, and the
initial radius of the sphere ri, the initial pressure pi and density ρi in the sphere in
air are determined as per equation 2.1.
pi =
3(γ − 1)E0
4pir3i
+ p0,
ρi =
pi
RTi
,
(2.1)
where R = 287 Pa.m3.kg−1.K−1, the gas constant for air and p0 is the atmospheric
pressure.
2.1.2 Point source model
In the blast wave initialization using the isothermal model described in the previous
section, the blast wave shape and magnitude are assumed. A more natural description
of the explosion event is based on the released explosive energy and the distance
between the explosion and the target structure. The point source model is formulated
around these parameters and is a more accurate way of describing the problem than
the isothermal model.
This solution assumes that blast waves are produced by an ideal explosion source
or by the instantaneous deposition of a fixed quantity of energy at an infinitesimal
point in a uniform atmosphere. Nuclear weapons, laser sparks and condensed phase
explosives can be considered as ideal explosion sources in air [5]. For an ideal explosion
source it is justified to treat the central, high pressure area of the explosive as a
point while modeling the initial conditions of a blast. The energy produced by ideal
explosive depends only on one parameter, the total source energy E0, irrespective of
the energy density or the power source. When this finite energy is packed within a
region whose volume shrinks to zero, the pressure in it theoretically rises to infinity.
Under such strong shock assumptions, the initial pressure of the shock wave is pretty
high and the atmospheric pressure p0 can be neglected in comparison. This hypothesis
allows the use of similarity property of the point source solution which was first
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proposed by G.I. Taylor [42].The point source model presented was developed by T.
Bui [11] based on the calculations presented in [39]. The solver uses a comprehensive
one-dimensional finite difference scheme to solve for the flow parameters produced
by spherical, cylindrical and planar blasts. The solution method is described in this
section. Let s and r be Lagrangian and Eulerian coordinates of a point respectively.
The equations of motion of the point in Lagrangian form are given as
∂r
∂s
=
sj−1
rj−1
ρ0
ρ
,
∂u
∂t
= −1
ρ
∂p
∂s
∂s
∂r
,
∂r
∂t
= u,
∂∪
∂t
= 0,
(2.2)
where ∪ is some function of the entropy p
ργ
, j=1, 2, 3 corresponding to the pla-
nar, cylindrical and spherical symmetries. The variables s, t, p, u and r are non-
dimensionalized as
σ =
s
E
1
j p
−1
j
0
; τ =
t
E
3
3
; p¯ =
p
p0
,
ρ¯ =
ρ
ρ0
; u¯ =
u√
p0
ρ0
;  =
r
E
1
j p
−1
j
0
,
(2.3)
where E = E0/α0 where α0 = 0.5385, 0.9840, and 0.8510 corresponding to planar,
cylindrical and spherical symmetries respectively. Introducing new variables p˜, θ, ϕ
and ψ as
p˜ = p¯
γ−1
2γ ; θ = ∪ 12γ ,
2
√
γ
γ − 1 p˜θ + u = θϕ,
2
√
γ
γ − 1 p˜θ − u = θψ
(2.4)
and after performing a set of operations, the equations of motion are rewritten in
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terms of dependent variable ϕ, ψ, θ and ξ as
∂ϕ
∂τ
+ µ
∂ϕ
∂σ
+ λ+ ν ′
∂θ
∂σ
= 0,
∂ψ
∂τ
− µ∂ψ
∂σ
+ λ+ ν ′
∂θ
∂σ
= 0,
∂ξ
∂σ
=
σj−1
ξj−1
θ2
( γ−1
4
√
γ
(ϕ+ ψ))
2
γ−1
,
∂θ
∂τ
= 0,
(2.5)
where
λ = (j − 1)γ − 1
8
θ(ϕ2 − ψ2)
ξ
,
µ =
√
γ
(
γ − 1
4
√
γ
) γ+1
γ−1 (ϕ+ ψ)
γ+1
γ−1 ξj−1
θσj−1
,
ν ′ =
ϕ− ψ
2θ
µ, ν = ν ′
∂θ
∂σ
.
(2.6)
In the first time step, when τ = τ0, the blast is assumed to be very close to the origin
and the strong shock analytical solution of Sedov [41] or Von Neumann [49] is applied
in the interval [0, σ0]. The solution is advanced in time and space by integrating the
system of equations 2.5 numerically. In order to do that, the (τ , σ) plane is divided
into a computational grid. The τ -axis is first divided into equal sub-intervals such
that τn = τn−1+∆τ and then the interval [0, σ0] is divided into k0 sub-intervals such
that σi+1 = σi +∆σi,i+1, i = 0, ..., k
0. The distance the blast wave front can travel in
the time ∆t is given as
∆σ = ∆τcn, (2.7)
where the subscript n denotes the nth time step, and hence the nth row in the com-
putational grid. Therefore one computational point is added on the (n+ 1)th row so
that
kn+1 = ∆τkn + 1. (2.8)
Using the symmetry boundary conditions at the point source and the Rankine-
Hugoniot conditions at the blast wave front, the non-linear PDEs from equation
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2.4 are discretized and solved explicitly using the Picard iteration in each time step
and advanced forward in time. At the end of each time step the flow variables can
be obtained from the dependent variables as follows.
un+1i =
(
γ − 1
4
√
γ
(ϕn+1i + ψ
n+1
i )
) 2γ
γ−1
, (2.9a)
pn+1i =
1
2
θn+1i (ϕ
n+1
i − ψn+1i ), (2.9b)
ρn+1i =
(pn+1i )
1
γ
(θn+1i )
2
. (2.9c)
The solution can be advanced to any desired distance for planar, cylindrical and
spherical blasts.
The results obtained from the point source blast model have been compared with
experiments involving air blasts with spherical symmetry [8, 15]. These comparisons
are shown in Figure 2-1. There is an excellent agreement between the numerical
results and the experiments for important blast metrics such as the incident impulse,
the reflected overpressure and the underpressure of the incident blast wave. These
results show that the model accurately represents the formation and the propagation
of the blast wave.
This model is a better representation of the physics of the problem than the
isothermal model since the fundamental characteristics of the blast explosive are used
for the initialization. The solution is initialized at the initial time step with the exact
flow field as opposed to an empirical flow field in the isothermal model.
For problems involving the study of blast-target interactions, the solution for the
fully formed blast wave with the blast front right next to the target can be obtained
using the point source model. The solution is interpolated from the point source grid
onto the computational grid of the problem of interest. Since the point source grid
is one-dimensional, independent of the geometry or the dimension of the target, this
model leads to huge savings in computation time and resources as compared to the
isothermal model, in which the blast wave is initialized to a short distance from the
center of the explosion.
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Figure 2-1: Comparison of the flow parameters obtained through the point source
solution with experiments. Figures courtesy of Dr. Tan Bui.
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2.2 Verification of the Code for Normal Shocks
It is important for the numerical model to be able to accurately represent the dis-
continuities in flow properties that arise from wave interactions in our problem. The
main discontinuities in the problem arise in the form of shock waves. In this sec-
tion, a verification of the capability of the code to represent shocks is done for the
reflection of normal shocks from a rigid wall. A comparison is made between the
reflection coefficient obtained from the code and from analytical solutions existing in
the literature [2,35]. The analytical solution that is used is described in the following
paragraph. Consider a shock wave reflection from a rigid boundary located at x =
0m. The boundary condition is u(x = 0, t) = 0 m/s. An incident shock wave of
pressure pS, overpressure ps travels in a fluid of pressure p0 to the wall on the left,
reflects from it and creates a reflected wave of pressure pR, overpressure pr moving to
the right. It is useful to define the reflection coefficient CR as the ratio of the reflected
overpressure to the incident overpressure. Utilizing the Rankine-Hugoniot relations
for a perfect gas, the reflection coefficient CR = pr/ps is found to be in terms of the
incident shock overpressure ratio ps/p1 as
CR =
pr
ps
=
(3γ − 1)ps
p0
+ 4γ
(γ − 1)ps
p0
+ 2γ
. (2.10)
The minimum value of the reflection coefficient is 2 for ps/p0 → 0 for all values of
γ. For infinitesimal shock pressures, the fluid can be considered incompressible and
the formula agrees well with acoustic linear approximation. The maximum value of
the reflection coefficient is 3γ−1
γ−1 for ps/p0 → ∞ (for air with γ = 1.4, sup CR =
8). For air, the effects of compressibility become appreciable for very low incident
overpressure ratios ps/p0 (for ps/p0 = 1.0 the reflection coefficient CR = pr/ps equals
2.75). Modeling shock wave propagation and reflection in air requires an elaborate
numerical treatment to include effects of compressibility. The AMROC framework
is used to model the normal shock wave reflection numerically. Simulations are run
for incident pressure ratio pS/p0 ranging from 1 to a very large value of 10
4. The
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shock wave has to propagate through at least one element in one time step so that no
information is lost in the discretization. This condition is used to calculate the grid
size.
∆x/∆t ≤ Us ⇒ (D/N)/τ ≤ Us ⇒ N ≥ Dτ/Us.
where ∆x is the grid size, ∆t is the timestep, N is the total number of elements, D is
the domain size, τ is the number of time steps per second and Us is the shock speed.
The values of CR obtained from AMROC are compared with the analytical values
as shown in Figure 2-2. A comparison between the analytical and numerical results
for some representative values of CR is presented in Table 2.1 (CR = 2 for pS/p0 = 1
and CR = 7.9999 for pS/p0 = 10
5). The comparison shows that the analytical results
Table 2.1: Reflection coefficients obtained using analytical and numerical methods.
Pressure ratio 2 5 10 20 100 10000
Numerical 2.7501 4.181849 5.376 6.384631 7.6036 7.9957
Analytical 2.7500 4.181818 5.375 6.384615 7.6037 7.9958
Relative Error % 0.0036 0.00076 0.02005 0.00025 0.0011 0.000537
match the numerical values very well. The number of significant digits considered in
these calculations is 5. The L∞ norm of the relative error percentage is 0.037. From
the table, it is seen that the numerical method is highly accurate for all intensities
of the incident shock waves under consideration. It is also seen that that the code is
more accurate for strong shocks. The density ratio ρr/ρ0 of the reflected shock wave
may also be expressed as a function of the incoming overpressure ratio ps/p0 as
ρr
ρ0
=
γ ps
p0
+ γ
(γ − 1)ps
p0
+ γ
(γ + 1)ps
p0
+ 2γ
(γ − 1)ps
p0
+ 2γ
(2.11)
The comparison of density ratio obtained by analytical and numerical techniques is
shown in Figure 2-3 for incident pressure ratio pR/p0 varying from 10
0 to 104. There
is a very good match obtained between the analytical and numerical results. The L∞
norm of the relative error percentage is 0.3747.
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Figure 2-2: Comparison of the reflection coefficients obtained from the analytical and
the numerical methods.
Figure 2-3: Comparison of reflection coefficients for density obtained from analytical
and numerical methods.
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2.3 Description of the Simulation Setup
Numerical experiments are conducted to study a possible relief obtained in the blast
overpressure and the blast impulse through the interaction of a blast wave with an
air-depleted buffer. The blast wave is produced by the detonation of a condensed
phase explosive inside a spherical vessel. The point source model described in Section
2.1.2 is used to initialize the fully formed blast wave with the wave front right next
the buffer. The flow parameters are interpolated from the point source grid to the
AMROC grid using the cubic spline interpolation. The blast wave interacts directly
and instantaneously with the depressed air in the buffer. As a result of the interaction
of these two regions of flow, a non-trivial unsteady wave structure is expected to
develop, which propagates towards the rigid wall of the vessel. It reflects from the
wall with probably a much higher pressure and density. The problem has spherical
symmetry, so the radial distance is the only geometric co-ordinate considered in the
simulations.
The geometry of the simulation setup is illustrated in Figure 2-4. The mass of
the explosive charge that generates the blast wave is M0. The blast energy E0, that
is generated by the detonation of the charge, is calculated as described in Section
1.1. In all the calculations, the standoff distance L = 3m, the ambient air density
ρ0 = 1 kg.m
−3, the ambient air pressure p0 = 1 atm which is approximately 105
Pa and the specific detonation energy of TNT = 4520 KJ.kg−1. The pressure and
density of the depressed air in the buffer are pv and ρv respectively. The buffer
length is lv. The point source explosive and the wall are the boundary points for the
simulation and symmetry boundary conditions are imposed at both the boundaries.
In the computational model, the ideal gas equation of state holds for the ambient
air, the buffer and the blast wave. The air and the buffer are treated as compressible
fluids in which blast wave propagation is non-linear even for low shock overpressures.
The entire flow is assumed to be inviscid. The values of γ in the air and the buffer
are assumed to be 1.4 throughout the process, as justified by G.I. Taylor [42]. The
buffer is assumed to be at the same temperature as the ambient air before the blast
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Figure 2-4: Simulation setup.
waves interacts with it. It follows that, given the buffer pressure, the buffer density
can be calculated from the ideal gas equation of state, ρv = ρ0pv/p0. The buffer is
initially at rest. A highly refined grid with cell size lower than 5 mm is used in all
simulations. In order to capture the shock propagation with sufficient accuracy, an
automatic local grid refinement comprising two levels of subdivision is applied on the
grid in the cells near the shock front. A CFL number of 0.95 is used for controlling
the timestep. When the CFL number increases above 1.5 during the simulations,
the timestep is reduced below the initial time step of 0.2 microsec until a lower CFL
number is attained. The time of interest in the simulations is the time the incident
wave takes to completely reflect from the wall. It is in the order of a few milliseconds.
The standoff distance is large enough to ensure no secondary reflections from the
source during this time. Simulations are conducted for different blast intensities E0,
buffer lengths lv and buffer pressures pv. The time history of the pressure on the wall
is recorded and used for further analysis. The transmitted impulse to the wall i and
the transmitted specific impulse to the wall is are extracted from the simulations by
integrating the time history of the pressure according to equation 2.12 where ta is the
time of arrival of the blast wave to the plate and t is the time of interest.
is =
∫ t
ta
pdt,
i =
∫ t
ta
4piL2dt.
(2.12)
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(a) Evolution of a blast wave in air (b) Evolution of the blast wave after inter-
acting with the buffer
Figure 2-5: Spatial distribution of the pressure of the blast wave.
The main objectives of the simulations are to investigate the nature of the wave
resulting from the blast-buffer interactions, check the feasibility of using the buffer as
a mitigator of blast pressure and impulse and characterize the mitigation with input
parameters.
2.4 Wave Structure Obtained from the Blast-Buffer
Interactions
The blast wave generated by an explosion consists of highly compressed air at the
wave front traveling radially outward from the source at supersonic velocities. When
the high intensity shock wave reflects from objects in its path, it reflects with a
much higher pressure and transmits high impulses to the object. These pressures and
impulses lead to high deformations and stresses on the object. The evolution of the
blast wave in air for E0 = 1kg, L = 3m is seen in Figure 2-5(a).
The evolution of the blast wave with time after its interaction with the buffer, for
a test case with E0 = 1kg, pv = 0.001 atm, lv = 0.5m and L = 3m is seen in Figure
2-5(b). When the shock wave is allowed to interact with the depleted air in the buffer,
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the compressive shock wave is replaced by an expansion wave. The expansion wave
travels opposite to the initial direction of propagation of the shock wave. The reflected
wave overtakes the incident wave leading to a total defeat of the incident overpressure.
Since, the incident overpressure is significantly low when the wave reaches the wall,
it is expected that the reflected overpressure and impulse will be significantly lower
compared to the reflected overpressure and impulse in air.
It is difficult to derive analytical solutions to describe the entire process exactly. If
the original blast wave were uniform in magnitude, an analytical solution to describe
the resulting self-similar wave structure can be obtained from the Riemann solution.
This solution is described in detail in the Chapter 3. A lot of useful inferences are
made by the comparison of the wave structures arising from the interactions of the
constant wave and the decaying wave with the buffer.
2.5 Parametric Studies for the Blast Wave Inter-
action with Buffer
It was seen in the earlier section that there is a significant change in the structure of
the incident blast wave after its interaction with the air-vacated buffer. To understand
these interactions in a systematic manner, the parameters that influence the problem
are identified and non-dimensionalized. Simulations are conducted by varying one
non-dimensional group at a time.
2.5.1 Derivation of the non-dimensional groups
The important physical parameters in the problem are the energy of the explosive E0,
the standoff distance L, the ambient air pressure p0, density ρ0, the buffer pressure
pv and the buffer length lv. The buffer density is given by the equation, ρv = ρ0pv/p0
and is a dependent parameter. The temperature in the air, the blast wave and the
buffer is a dependent parameter and follows from the the ideal gas equation of state,
T = p
ρR
. The specific heat ratio γ, is assumed to be a constant and is not included in
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the non-dimensionalization. The output parameters or the metrics of the blast impact
on the wall are pmax, the peak reflected pressure and imax, the maximum impulse on
the wall. The dimensions of the parameters are
[E0] = kg.m
2.s−2,
[L] = m,
[p0] = kg.m
−1.s−2,
[ρ0] = kg.m
−3,
[pv] = kg.m
−1.s−2,
[lv] = m,
[i] = kg.m.s−1.
It is convenient to study the influence of the buffer pressure and the buffer length
by forming one non-dimensional group containing each of them. Taking this into
consideration, three sets of non-dimensional groups are formed which are shown in
Table 2.2. The first set is adopted out of the three options available because it
closely resembles the set of non-dimensional groups obtained for a uniform wave-
buffer interaction (refer to Table 3.1 for more details). The resulting non-dimensional
groups are
pi1 =
lv
L
,
pi2 =
pv
p0
,
pi3 =
E0
p0L3
,
pi4 =
pmax
p0
,
pi5 =
imax
p
1/2
0 ρ
1/2
0 L
3/2
.
(2.13)
The groups which have been derived so far for the interaction of the spherical blast
wave with the buffer can be extended to planar and cylindrical blast waves as well.
The generalized groups are listed in equation 2.14 where k = 1, 2, 3 for planar,
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Table 2.2: Non-dimensional groups for point source blast interaction with buffer.
Reference variables Input groups Output groups
p0, ρ0, L
lv
L
,pv
p0
, E0
p0L3
pmax
p0
, imax
p
1/2
0 ρ
1/2
0 L
3
ρ0, E0, L
lv
L
, pvL
3
E0
, p0L
3
E0
pmaxL3
E0
, imax
ρ
1/2
0 E
1/2
0 L
3/2
p0, ρ0, E0
lv
E
1/3
0 p
−1/3
0
, pv
p0
, L
E
1/3
0 p
−1/3
0
pmax
p0
, imax
E0ρ
1/2
0 p
−1/2
0
cylindrical and spherical blasts respectively.
pi1 =
lv
L
,
pi2 =
pv
p0
,
pi3 =
E0
p0Lk
,
pi4 =
pmax
p0
,
pi5 =
imax
p
1/2
0 ρ
1/2
0 L
k− 3
2
.
(2.14)
E0 and imax are the blast energy and the impulse per unit area and unit length for
cylindrical and planar blasts respectively. The numerical studies are divided into four
different cases. The reference configuration in all the cases is the one where the blast
wave propagates in air in the absence of the air-vacated buffer. In the first two cases,
the blast is fixed. One buffer input is varied in each case. The pressure and the
impulse histories on the wall, pmax and imax on the wall are compared with those
obtained in the reference configuration. In the third case, the buffer parameters are
fixed and the blast energy is varied. The outputs of interest remain the same. One
prominent observation from the studies is the existence of a threshold pressure pth
for each set of E0, L and lv. pmax and imax remain approximately the same when the
buffer pressures are lowered below pth. The variation of this threshold pressure pth,
for different blast energies is studied in the fourth case. The different cases studied
are summarized in Table 2.3.
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Table 2.3: Cases studied for the parametric analysis of blast mitigation using buffer.
Fixed parameters Outputs of interest Varied parameters
E0, L pmax and imax pv, lv
1kg, 3m 0.001-1atm, 0.1, 0.5m
E0, L, pv pmax and imax lv
1kg, 3m, 0.001atm 0.1-0.5m
pv, lv, L pmax and imax E0
0.001atm, 0.1m, 3m 0.1-10kg
lv, L pth E0
0.3m, 3m 0.7, 1, 3kg
2.5.2 Variation of the buffer pressure
The buffer pressure pv is varied from 0.001 atm to 1 atm in equal steps on the
logarithmic scale i.e. pv = 0.001, 0.01, 0.1 and 1 atm with M0 = 1kg, L = 3m and
lv = 0.5m. Simulations are run on the setup described in Section 2.3 with these
parameters.
It was seen in Section 2.4 that when a blast wave interacts with the air-vacated
buffer (pv = 0.001atm), it decomposes into a lower intensity shock wave and a rar-
efaction wave. Consider an infinitesimally small control volume drawn around the
shock front of the incident blast wave. In order for the conservation laws described in
equations (3.22a) - (3.22c) to hold in this control volume, the strength of the shock
front has to change. In other words, the buffer medium cannot sustain the prop-
agation of the same shock wave that propagates in ambient air. This leads to the
formation of a shock wave with lower pressure and density than the original wave. A
rarefaction wave also starts to develop in the place of the original blast wave. This
wave structure continues propagating towards the wall. The spatial distributions of
the incident wave pressures just before their reflections from the wall are shown in
Figure 2-6. The shock front and the rarefaction wave are connected by a contact
discontinuity which is noticed in the spatial density distributions just before reflec-
tion in Figure 2-7. Across a contact discontinuity, the pressure and the velocity are
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Figure 2-6: Incident overpressure profiles just before reflection, lv = 0.5m.
continuous while there is a jump in the density and the speed of sound. Hence the
discontinuity is not seen in the incident pressure distributions.
For pv varying from 0.01 atm - 0.001 atm, the waves formed from the blast-buffer
interactions have a similar wave structure comprising of a shock wave, a contact sur-
face and an expansion wave. The shock wave intensity reduces as the buffer pressure
reduces which leads to lower intensities and decay times of the reflected pressures.
The reflected overpressure history on the wall is plotted for different buffer pressures
in Figure 2-8(a). The reflected overpressure intensities experienced by the wall are
of much lower magnitude in the buffer configuration as compared to the reference
configuration. For a buffer pressure of 0.1 atm, two local maxima are clearly seen in
the reflected pressure history. Comparison of the reflected pressure history with the
incident pressure distribution shows that the first local maximum is produced by the
low intensity shock wave. The rest of the reflected wave structure is produced by the
complex, non-linear interactions of the reflected wave with the rest of the incident
wave. Since the intensity of the incident waves are lower in the presence of the air-
vacated buffer, the peak reflected overpressures on the wall are lower. For pv = 0.001
atm, the strength of the incident shock wave is so low that the reflected pressure his-
tory is smooth with no significant discontinuities. The maximum reflected pressure in
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Figure 2-7: Incident density profiles just before reflection, lv = 0.5m.
the reference configuration is attained the moment the incident wave starts reflecting
from the wall. On the contrary, the reflected pressure in the buffer configuration
increases from the low value of the buffer pressure to the peak value over a period of
time. This period of time is of the order of a few milliseconds when pv = 0.001atm.
The impulse experienced by the wall for different buffer pressures is compared
with the reference configuration in Figure 2-8(b). In the reference configuration, the
impulse increases from zero as the pressure builds up on the wall. The impulse attains
its maximum value when the pressure decays back to 1 atm and the negative phase in
the reflected pressure profile starts. In the free field interactions of a spherical blast
wave with a target, the impulse decreases to its minimum value when the negative
phase of the pressure wave is completed. In the presence of a buffer, the impulse starts
to decrease below zero. This is because the reflected pressure on the wall builds from
the negative values of the buffer overpressures. When the pressure reaches 1 atm, the
impulse attains a local minimum. As the pressure continues to build towards its peak
value, the impulse starts to increase again. When the negative phase of the reflected
pressure starts, the impulse attains its local maximum and starts to decrease. The
impulse in the free-field interactions of the blast wave with a target is expected to
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(a) Reflected Overpressure History on the Wall
(b) Impulse Exerted on the Wall
Figure 2-8: Reflected pressure and impulse histories on the wall for different buffer
pressures, lv = 0.5m. the time scales in the impulse and pressure figures are different
since impulse is calculated from the time the wave is reflected from the wall.
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Table 2.4: Pressure and impulse relief through air-vacated buffer, E0=4520 KJ, L =
3m, lv = 0.5m, pmax, imax, p0max and i0max are the peak reflected overpressures and
impulses on the wall in the buffer and the reference configuration respectively.
Buffer pressure Reflected pressure Mitigation Impulse Mitigation
pv
p0
pmax
p0
pmax−p0max
p0max
(%) imax
i0max
imax−i0max
i0max
(%)
1e0 161338 0.0 00162.4 00.0
5e-1 135455 16.0 00107.0 34.1
1e-1 70969 56.0 00058.2 64.2
5e-2 70508 56.3 00045.8 71.8
1e-2 56029 65.3 00037.1 77.2
5e-3 34398 78.7 00034.1 79.0
1e-3 32076 80.1 00031.7 80.5
follow the decreasing trend and attain its minimum value when the negative phase of
the pressure wave is completed. It is to be noted that the time scales in the impulse
and the pressure plots are different since the impulse is calculated from the time the
wave starts reflecting from the wall. For example, a time of 3 millisec on the impulse
plot for pv = 0.001 atm corresponds to a time of 6 millisec on the pressure plot. In
general, in the presence of the depleted buffer, the intensities of the impulses acting
on the wall and imax are much lower in the buffer configuration as compared to the
reference configuration.
The maximum reflected overpressures and the impulses for each of the buffer
pressures is summarized in Table 2.4. Even for a buffer pressure as high as 0.1 atm,
there is a 50% reduction in the peak reflected pressure. For a buffer pressure of
0.001 atm, there is a significantly high 80% reduction in the peak reflected pressure
and the maximum impulse acting on the wall. These numbers clearly show that
using an air-vacated buffer reduces the intensities of the reflected pressures and the
reflected impulses. Blast damage caused to structures or part of structures is due to
the pressure exerted by the blast wave or due to the impulse exerted by the blast
wave or both depending on the intensity of the blast wave and the natural response
time of the structure. Also, the survivability of a person from lung damage improves
tremendously by reducing both the pressure and the impulse of the blast wave (refer
to Section 1.2 for more details). Thus, it is expected that using the airvacation
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Figure 2-9: Peak reflected overpressures and maximum impulse as a function of buffer
pressures.
concept in protective strategies could potentially contribute to the reduction of the
blast damage caused to structures and human beings to a great extent.
The maximum reflected pressures and impulses are plotted against the buffer
pressure in Figure 2-9. It is seen that there is a negligable change in pmax and imax
when the buffer pressures are reduced beyond a certain value. In other words, there
is a limit to the reduction of the pressure and impulse that can be achieved for a
given E0 and lv. We refer to the maximum buffer pressure at which this limit is
achieved as the threshold buffer pressure, pth. For a buffer length of 0.1m, pth is
around 0.01 atm. This property can be used to choose a buffer pressure with the
maximum mitigation to cost ratio. For a buffer length of 0.5 m, pth is around 0.001
atm. The threshold buffer pressure is observed to decrease with an increase in the
buffer length. A decrease in the buffer length decreases the reduction limit that can
be achieved in the overpressure and the impulse. This limit can be used to choose a
buffer length to achieve the desired overpressure and impulse mitigation.
2.5.3 Variation of the buffer length
The buffer length lv is varied from 0m to 0.5m in equal steps of 0.05m with pv =
0.001 atm, E0 = 1kg and L=3m. The reflected overpressure histories on the wall for
different buffer lengths are shown in Figure 2-10. It is observed that the reflected
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Figure 2-10: Reflected overpressure history on wall, pv = 0.001 atm.
pressure waves have a similar shape for different buffer lengths. This suggests that
the peak reflected overpressures might be scalable with the non-dimensional distance,
lv/L. The peak reflected pressures and impulses relative to the reference values are
plotted with buffer length in Figure 2-11. It is seen that there is a huge reduction of up
to 60% in pmax for a buffer length ratio as low as 0.16. A polynomial approximation
of order two for the impulse for the data points obtained through the simulations
gives a good fit as seen in Figure 2-12. Equation 2.15 gives the quadratic fit where x
= lv/L and y = imax/i0max.
y = 9.74x2 − 6.74x+ 1. (2.15)
2.5.4 Variation of the blast energy
The blast energy E0 is varied from 0.5 kg to 10 kg with L = 3m, pv = 0.001 atm and
lv = 0.3m. The relative peak reflected pressure versus the blast energy is plotted in
Figure 2-13. One important observation is that the overpressure and impulse relief
obtained by the airvacation concept is not restricted to a single energy or incident
overpressure. There is a significant mitigation obtained for all the energies considered.
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Figure 2-11: Peak reflected overpressures and maximum impulse exerted on the wall
as a function of buffer length.
Figure 2-12: Maximum impulse exerted on the wall as a function of buffer length.
The dotted line is the quadratic fit of the data points that were obtained through the
simulations.
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Figure 2-13: Peak reflected overpressure and maximum impulse exerted on the wall
as a function of blast energy, lv = 0.3 m, pv = 0.001 atm.
There is a greater reduction of impulse and pressure for lower energies. For the range
of energies considered, the incident overpressures pinc vary from 0.3 atm to 3.4 atm.
As pinc increases above 3 atm, it is observed that imax/i0max increases to 1, which is
the limit value of mitigation for a no-buffer configuration. It is also observed that
pmax/p0max attains a limit value of 0.5 and remains almost the same. The buffer
layer is effective for impulse relief for incident overpressures in the order of a few
atmospheres. This order of incident overpressures is relevant to human injury from
lung and brain injury from the blast overpressures. Based on Figure 1-2, a free-air
blast overpressure of 3.4 atm at a standoff distance of 3m corresponds to a 1% chance
of fatality from lung damage for a 60 kg person. The airvacation concept may help
in design of methodologies to mitigate injury to the lungs [9] and the injury caused
to the brain due to blast overpressure [36]. Figure 2-14 shows the peak reflected
overpressure and impulse versus the blast energy. There is a near linear relationship
between the reflected pressures and the blast energy. This suggests that a natural
way of non-dimensionalization for energy is pmax/p0 and imax/p
1/2
0 ρ
1/2
0 L
3/2 rather than
pmax/p0max and imax/i0max. The blast energy E0 takes values of 0.7, 1 and 3kg with
L = 3m and lv = 0.3m. The buffer pressure pv is varied from 1 atm to 10
−5 atm. The
mitigation obtained for the peak reflected overpressures and impulses on the wall are
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Figure 2-14: Peak reflected overpressure and maximum impulse exerted on the wall
as a function of blast energy, lv = 0.3 m, pv = 0.001 atm.
plotted as a function of buffer pressure in Figure 2-15. A threshold buffer pressure
pth is seen in all the cases. The relative reflected peak pressures prmax = pmax/p0max
remain almost constant for buffer pressures lower than pth. When pv < pth, the
reflected pressure histories on the wall remain almost the same leading to constancy
in the relative maximum impulse irmax = imax/i0max. It is seen from the figures that
pth is almost the same for all the three energies (= 10
−3atm). For the cost of providing
pth in the air-vacated buffer, maximum relief in pmax and imax is seen for a large range
of energies, as long as the incident overpressures are of the same order.
2.6 Summary of Results
The numerical studies of the blast interaction with the air-vacated buffer firmly estab-
lishes that using an air-vacated buffer as a partial medium of propagation reduces the
metrics for blast damage such as the peak reflected overpressure and the maximum
impulses on the wall. The lower the buffer pressure and higher the buffer length,
the better is the overpressure and impulse relief obtained. There is a threshold on
the relief that is obtained by decreasing in buffer pressure for a given blast energy
and buffer length. The threshold buffer pressure decreases with an increase in buffer
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Figure 2-15: Peak reflected overpressures and maximum impulse as a function of
buffer pressures for three different blast energies.
length and is invariant for the range of energies considered. There is a monotonic
increase in the relief that is obtained with an increase of buffer length for a given
blast energy and buffer pressure. The buffer layer is effective for impulse relief for
incident overpressures in the order of a few atmospheres. This makes the concept very
relevant for design of protection systems for the human body and injury mitigation.
The parametric analysis that has been done in this chapter is important since the
changes in the level of mitigation that can be provided with changes in the design
parameters such as the buffer pressure and the buffer length have been analyzed.
Air-depleted sandwich panels
A strategy that could be suggested for blast mitigation, based on the airvacation con-
cept is using the depressed air as a filler material in honeycomb sandwich structures
used for blast protection. Air is drawn out of the cells of the sandwich structure to
create a partial vacuum in the spaces between the cells. The mechanism through
which the vacated cells are expected to relieve blast overpressure is illustrated in
Figure 2-16. The blast wave comes in contact with the front face of the cell of a sand-
wich panel. The facesheet shears at the nodes of the panel or undergoes deformations
depending on the intensity of the blast wave and the properties of the honeycomb
structure, causing it to collapse into the cell. The depressed air in the buffer between
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Figure 2-16: Schematic of relief mechanism in air-vacated sandwich panels. Figure
courtesy of Prof. H. N. G. Wadley, University of Virginia.
the front and the back face of the cell is exposed to the blast wave. The blast wave
interacts with the buffer causing a wave structure of low shock intensity to develop
which relieves the incident overpressure in the blast wave. The wave structure then
interacts with the back face of the cell and causes it either to shear or to deform. This
pattern of interactions continues until the blast wave deforms the entire panel before
interacting with the target. A large fraction of the blast energy and blast momentum
is mitigated through the deformations of the cells and the buffer. The strength of the
incident wave is highly reduced by the time it reaches the target. This subsequently
might lead to lower reflected overpressures and transmitted impulses on the target,
thus mitigating the damage caused to the target by the blast wave.
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Chapter 3
Analytical Studies for Uniform
Shock Interaction with the
Air-Vacated Buffer
Numerical studies have shown that the interaction of the spherical blast wave, pro-
duced by a point source explosive, with an air-depleted buffer results in a significant
reduction of the strength of the blast wave. As a first step in obtaining an analytical
description for the blast-buffer interaction, the blast wave is approximated as a wave
of uniform strength. This approximation is expected to yield meaningful results be-
cause the planar uniform wave and the spherical blast wave are both symmetric and
dependent only on one geometrical coordinate, the distance from the center of the
explosion.
In this chapter, a brief summary is given to the theory of wave propagation in a
compressible medium. Specifically, the solutions for simple waves, shocks and con-
tact discontinuities are presented. The wave structure resulting from the uniform
wave-buffer interaction is presented based on the Riemann solution. Using the wave
structure and the momentum conservation laws, expressions are derived for the mo-
mentum of the incident waves in 1D in the buffer configuration and the reference
configuration with no buffer. It is expected that the when the momentum of the
incident wave is reduced, the impulse exerted on a wall by the wave is also reduced.
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These expressions are verified with solutions obtained from numerical methods. A
thorough understanding of the effect of the buffer pressure, the buffer length and
the shock strength on the incident wave momentum is obtained with the help of the
expressions.
3.1 Fundamentals of Waves in a Compressible Fluid
In this section, the three types of non-linear waves that can propagate in a compress-
ible fluid are presented. In this section, a subscript for a quantity in x and t denotes
the derivative of the quantity with respect to x and t respectively.
3.1.1 Simple waves
For a continuous flow in a compressible medium, the flow can be assumed to be
isentropic since there are no viscous forces. The Euler’s equations for isentropic, 1D
flow are
ρt + uρx + ρux = 0, (3.1a)
ut + uux +
px
ρ
= 0, (3.1b)
p = f(ρ), (3.1c)
a2 = f
′
(ρ). (3.1d)
The derivation that is presented here for the equations governing a simple wave follows
along the lines of [18]. If x(σ), t(σ) represent a curve with xσ : tσ = b : a, then
df = aft + bfx is the derivative of f along this curve. In other words, f is a constant
along ∂x
∂t
= b : a and it is a characteristic direction. The direction was easily obtained
since the equation had only one variable, f . For equations with two or more variables,
the derivatives of the variables are linearly combined and the characteristic direction
is obtained by imposing the condition that each of these variables combine in same
direction as ∂x
∂t
. The Euler equations are expressed in terms of the variables u and ρ
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by eliminating p. Let L1 denote the equation for conservation of momentum and L2
the equation for conservation of mass. A linear combination L = λ1L1+λ2L2 ensures
that derivatives of u and ρ combine in same direction as x and t. Such a direction
depending on t, x and u, ρ is called as a characteristic.
L = λ(ρt + uρx + ρux) + ut + uux +
px
ρ
= 0. (3.2)
From equations (3.1c) and (3.1d),
px = fx(ρ) = fρ(ρ)ρx = a
2ρx. (3.3a)
Combining equations (3.3a) and (3.1b),
L = λ(ρt + uρx + ρux) + ut + uux +
a2
ρ
ρx, (3.4a)
= λρt + (λu+
a2
ρ
)ρx + ut + (λρ+ u)ux = 0. (3.4b)
Imposing the following condition to obtain the characteristics:
u+ λρ
1
=
λu+ a
2
ρ
λ
=
xσ
tσ
, (3.5a)
(u+ λρ)tσ = xσ, (3.5b)
(λu+
a2
ρ
)tσ = λxσ, (3.5c)
or
u =
xσ
tσ
− λρ, (3.6a)
u =
xσ
tσ
− a
2
λρ
, (3.6b)
or
λ2 =
a2
ρ2
, (3.7)
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λ = ±a
ρ
, (3.8a)
u =
xσ
tσ
− a implies xα
tα
= (u+ a), (3.8b)
u =
xσ
tσ
+ a implies
xβ
tβ
= (u− a). (3.8c)
The characteristic equations are
xα
tα
=
∂x
∂t
= (u+ a), (3.9a)
xβ
tβ
=
∂x
∂t
= (u− a). (3.9b)
Equation (3.4b) can be rewritten as
L = λ(ρt +
xα
tα
ρx) + (ut +
xα
tα
ux), (3.10a)
= λ
ρα
tα
+
uα
tα
= 0. (3.10b)
uα
ρα
= −λ (3.10c)
Therefore, the equations corresponding to equations (3.9a) and (3.9b) in u-ρ plane
are,
uα +
a
ρ
ρα = 0, (3.11a)
uβ − a
ρ
ρβ = 0. (3.11b)
uα +
a
ρ
ρα = 0, (3.12a)
u+
∫ ρ
ρ′
a
ρ
dρ = 2s(α) (3.12b)
u+ l(ρ) = 2s(α), (3.12c)
l(ρ) =
∫ ρ
ρ′
a
ρ
dρ. (3.12d)
Similarly, −u+ l(ρ) = 2r(β). (3.12e)
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Conventionally, ρ
′
is base density and l(ρ
′
= 0) = 0 For ideal gases, the sound speed
a =
√
γp
ρ
. Therefore l(ρ) = 2
γ−1a.
r(β) = −u
2
+
a
γ − 1 , (3.13a)
s(α) =
u
2
+
a
γ − 1 . (3.13b)
r and s are the Riemann invariants. Along the characteristic described by equation
(3.9a), s(α) is constant. If, in addition, it is assumed that r(β) is constant in the
entire domain, then u and a are unique along a characteristic. Hence, equation (3.9a)
can be analytically integrated to obtain an explicit curve in x-t plane. Similarly if
it is assumed for equation (3.9b), that s(α) is constant for the entire domain, then
an explicit solution in x-t plane can be obtained. Combining equations (3.13b) and
(3.9a), for a forward facing wave,
x
t
= u+ a = constant along characteristics (3.14a)
u
2
− a
γ − 1 = constant across characteristics (3.14b)
Combining equations (3.13a) and (3.9b), for a backward facing wave,
x
t
= u− a = 2s = constant along characteristics (3.15a)
u
2
+
a
γ − 1 = constant across characteristics (3.15b)
Any region of flow governed by equations (3.14a)-(3.15b) is called a simple wave.
The simple waves can be rarefaction waves or compression waves depending on the
gradient of pressure across the wave. A simple rarefaction wave is a simple wave
which decreases pressure and density across the wave. A simple compression wave is
a simple wave which increases pressure and density across the wave. Mathematically,
u(x, t) + a(x, t) ≤ u(y, t) + a(y, t), x ≤ y, for rarefaction waves, (3.16a)
u(x, t) + a(x, t) ≥ u(y, t) + a(y, t), x ≤ y, for compression waves. (3.16b)
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A centered simple wave is a wave in which all the characteristics originate from a
single point in the x-t plane. For a simple centered backward facing wave, moving in
air with flow parameters u0, a0, p0 and ρ0, from equation (3.15b)
u(x, t) +
2a(x, t)
γ − 1 = u0 +
2a0
γ − 1 , (3.17a)
a(x, t) = a0 − γ − 1
2
(u(x, t)− u0), (3.17b)
and from equation (3.15a),
a(x, t) = u(x, t)− x
t
. (3.18)
For an ideal gas undergoing isentropic process,
p(x, t)
p0
=
(
ρ(x, t)
ρ0
)γ
, (3.19a)
a(x, t)
a0
=
(
p(x, t)
p0
) γ−1
γ
. (3.19b)
Combining equations (3.19b) and (3.17b),
p(x, t) = p0
[
1− γ − 1
2
u(x, t)− u0
a0
] 2γ
γ−1
, (3.20a)
ρ(x, t) = ρ0
[
1− γ − 1
2
u(x, t)− u0
a0
] 2
γ−1
. (3.20b)
3.1.2 Shocks
In non-linear waves, initial discontinuities can be smoothed out like in the propaga-
tion of centered rarefaction waves and other motions starting as perfectly continuous
waves can lead to discontinuities like shocks. Shocks are spread over a very small
region and have an infinite gradient of flow properties across them. The flow across
a shock cannot be assumed to be isentropic since this assumption holds only when
the gradients of flow properties are small and there are no friction forces. But the
assumption holds over the rest of the domain. In addition, the three laws of conser-
vation hold across the shock front. Application of these laws across the shock wave
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(a) Stationary reference frame (b) Reference frame moving along
with the shock front
Figure 3-1: Velocities of the shock wave and the surrounding medium in the stationary
and moving reference frames.
lead to the shock jump conditions also known as Rankine-Hugoniot conditions. These
conditions are derived along the lines of [27].
Consider a shock wave traveling with a shockfront velocity Us as shown in Figure
3-1(a). An infinitesimally small control volume can be drawn enclosing the shock
front. In a stationary reference frame, the control volume moves with the velocity Us,
which makes the analysis of the conservation laws tedious. The analysis is simplified
greatly if a reference frame moving with Us is utilized, so that the flow appears steady,
as shown in Figure 3-1(b). The subscript 1 refers to the flow quantities in front of the
shock and subscript 2 refers to the flow quantities behind the shock. With respect to
this reference frame, the particle velocities in front of and behind the shock are
u
′
1 = u1 − Us, (3.21a)
u
′
2 = u2 − Us. (3.21b)
Application of the integral forms of the mass, momentum and energy conservation
equations to a control volume which includes the shock wave gives
ρ1u
′
1 = ρ2u
′
2, (3.22a)
p1 + ρ1(u
′
1)
2 = p2 + ρ2u
2
2, (3.22b)
ρ1u
′
1(e1 +
p1
ρ1
+
(u
′
1)
2
2
) = ρ2u
′
2(e2 +
p2
ρ2
+
(u
′
2)
2
2
). (3.22c)
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The ideal gas equation of state applied to the regions on both sides of the shock gives
e1 =
p1
ρ1
1
γ − 1 ,
e2 =
p2
ρ2
1
γ − 1 .
(3.23)
Combining equations (3.23), (3.22a) and (3.22c),
p1
ρ1
γ
γ − 1 +
(u
′
1)
2
2
=
p2
ρ2
γ
γ − 1 +
(u
′
2)
2
2
. (3.24)
The simplest way to solve this system is to introduce the Mach number M.
M =
u
′
a
. (3.25)
a is the speed of sound in the ideal gas given by
a2 =
(
∂p
∂ρ
)
s=constant
=
γp
ρ
. (3.26)
Combining equations (3.25), (3.26) and (3.24),
a21
(
1 +
γ − 1
2
M21
)
= a22
(
1 +
γ − 1
2
M22
)
. (3.27)
Combining equations (3.22a) and (3.22b),
a1
1 + γM21
M21
= a2
1 + γM22
M22
. (3.28)
Combining equations (3.27) and (3.28),
M22 =
1 + γ−1
2
M21
γM21 − γ−12
. (3.29)
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From equation (3.22a),
ρ2
ρ1
=
u
′
1
u
′
2
, (3.30a)
=
M1a1
M2a2
(From equation (3.25)), (3.30b)
=
M21 (1 + γM
2
2 )
M22 (1 + γM
2
1 )
(From equation (3.28)). (3.30c)
Combining equations (3.30c) and (3.29),
ρ2
ρ1
=
(γ + 1)M21
2 + (γ − 1)M21
. (3.31)
From equation (3.26),
p2
p1
=
ρ2
ρ1
a22
a21
. (3.32)
Combining equations (3.32), (3.31) and (3.28),
p2
p1
= 1 +
2γ
γ + 1
(M21 − 1). (3.33)
Consider the case of shock wave traveling with speed Us propagating in still atmo-
sphere, u1 = 0m/s. The shock parameters are denoted by subscript s and atmospheric
parameters are denoted by subscript 0. Equation (3.31) gives
M0 =
−Us
a0
. (3.34)
Let γ2 = γ + 1 and γ1 = γ − 1. Then equation (3.31) gives
ρs
ρ0
=
γ2M
2
0
2 + γ1M20
. (3.35)
Equation (3.33) gives
ps
p0
= 1 +
2γ
γ2
(M20 − 1). (3.36)
It is often useful to express the particle velocity, the shock speed and the jump
conditions in terms of blast overpressure ps − p0 eliminating Mach number M0. The
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shock speed can be obtained from equation (3.21a) as
Us = −a0M0 = −
√
p0
ρ0
√
γ2
2
ps − p0
p0
+ γ. (3.37)
The particle velocity in the shock wave can be obtained from equation (3.21b) as
us = Us + asMs = −ps − p0
p0
√
p0
ρ0
√
1
γ2
2
ps−p0
p0
+ γ
. (3.38)
The jump condition for the density is obtained from equations (3.35) and (3.36).
ρs
ρ0
=
2γ + (γ + 1)ps−p0
p0
2γ + (γ − 1)ps−p0
p0
. (3.39)
The jump conditions for the sound speed is obtained from equations (3.32) and (3.39).
a2s
a20
=
ps
p0
γ2
γ1
+ ps
p0
1 + γ2
γ1
ps
p0
. (3.40)
The shock speed can be obtained in terms of the particle speed of the shock. From
equation (3.21b),
us = Us + asMs, (3.41a)
= asMs − a0M0, (3.41b)
=
(
ρ0
ρs
− 1
)
a0M0, (3.41c)
= a0M0
(
2 + (γ − 1)M20
(γ + 1)M20
− 1
)
, (3.41d)
=
2a0
γ2
(
1
M0
−M0
)
, (3.41e)
=
2a0
γ2
(
− a0
Us
+
Us
a0
)
. (3.41f)
Solving this quadratic equation for Us in terms of us gives
Us =
γ2us
4
+
√
γ22u
2
s
16
+ a20. (3.42)
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3.1.3 Contact discontinuities
Contact discontinuities are surfaces separating two parts of a medium without any
flow of gas through the surface. A contact surface can also be considered as a special
case of a shock wave with a trivial solution u0 = u1 = U .
u1 = u2 = U (3.43a)
u
′
1 = u1 − U = 0, (3.43b)
u
′
2 = u2 − U = 0. (3.43c)
From equation (3.22b), we have
p1 = p2. (3.44a)
Equation (3.22c) is satisfied by the continuity of velocity across the contact discon-
tinuity. Hence, it can be deduced that the density and the speed of sound on either
side of the contact discontinuity need not necessarily be the same.
3.2 Analytical Solution for the Shock-Buffer
Interaction
The analytical solution for the wave structure obtained from the interaction of uniform
blast wave with an air-vacated buffer in 1D is described in this section. This solution
is based on the solution for the Riemann problem, which is well known [31] and is
widely used in numerical methods to provide superior wave capturing. The Riemann
problem has uniform initial conditions on an infinite spatial domain except for a
single jump discontinuity. It is one of the few exact solutions that exist for unsteady
one-dimensional Euler equations, some others being the formation and decay of low
intensity shock waves [14,24] and the reflection of plane waves from fixed surfaces [25].
Consider a one dimensional tube (a tube with properties constant along any cross
section) containing two regions of fluid separated by a rigid diaphragm. The indepen-
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dent variables are x and t. The rigid diaphragm located at x = ls separates a shock,
at pressure, density and particle velocity ps, ρs and us and the buffer, at pressure,
density and particle velocity pv, ρv and uv. The atmospheric conditions p0, ρ0 and
u0 = 0 are given. The speed of sound in air a
2
0 = γp0/ρ0 and the buffer a
2
v = γpv/ρv
are assumed to be the same. This implies that ρv = ρ0pv/p0 is a dependent input
variable. The buffer is initially at rest. The boundary conditions are inflow to the
left and symmetry to the right.
If the diaphragm is instantaneously removed there is a pressure imbalance between
the blast wave and the buffer causing a one-dimensional unsteady flow. The resulting
wave structure contains
• a steadily moving shock,
• a steadily moving centered rarefaction wave (backward facing) and
• a steadily moving contact discontinuity separating the shock and the rarefaction
wave.
The spatial distribution of the density of the incident wave is shown at a subsequent
time in Figure 3-2. This figure clearly shows the separation of the incident wave into
the different regions of flow upon interaction with the buffer. In Figure 3-3, the spatial
distributions of the density in the domain are shown for the blast wave traveling in
the reference configuration and the buffer configuration. The black color is the case of
a shock wave traveling in air. The properties of the shock wave satisfy the Rankine-
Hugoniot relations and subsequently a pure shock travels in air. The blue color is
the case of a shock wave interacting with a buffer. The initial discontinuity does
not satisfy the Rankine-Hugoniot conditions, hence the shock wave breaks into the
structure illustrated and a shock wave of smaller magnitude propagates in the buffer.
The smaller shock velocity is greater than the bigger shock velocity, so the incident
wave hits the wall faster. But the head of the rarefaction wave is slower than the shock
wave. If the shock wave is weak enough, the rarefaction wave propagates backwards.
Let the particle velocity, us in the shock be given.
1 The other shock parameters can
be found using the Rankine Hugoniot conditions. [see equations (3.42), (3.34), (3.35),
1It can also be assumed that shock overpressure is given
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Figure 3-2: Density profile of shock wave interacting with the air-vacated buffer.
Figure 3-3: Comparison of density profiles for shock wave propagating in air and
buffer. The solid line is the case of a shock wave traveling in air. The dotted line is
the case of a shock wave traveling in buffer. The initial discontinuity does not satisfy
the Rankine-Hugoniot conditions, hence the shock wave breaks into the structure
illustrated.
63
(3.36)]
Us =
γ2us
4
+
√
γ22u
2
s
16
+ a20, (3.45a)
M0 =
−Us
a0
, (3.45b)
ρs
ρ0
=
γ2M
2
0
2 + γ1M20
, (3.45c)
ps
p0
= 1 +
2γ
γ2
(M20 − 1). (3.45d)
The position of the shock front at a later time t is given by
xs = ls + (us − as)t. (3.46)
Consider the simple centered backward facing rarefaction wave. Let the state to the
right of the rarefaction wave be denoted by subscript 2 and the state of the flow along
the rarefaction wave be denoted by subscript 3.
Across the characteristics of the backward facing rarefaction wave, [see equation
(3.15b)]
us +
2as
γ − 1 = u3(x, t) +
2a3(x, t)
γ − 1 = u2 +
2a2
γ − 1 . (3.47)
Combining equations (3.47) and (3.18)
u3(x, t) =
2
γ2
(
x− ls
t
+
γ1
2
us + as
)
, (3.48a)
a3(x, t) = u3(x, t)− x− ls
t
. (3.48b)
Also from equations (3.19a) and (3.19b)
p3 = ps
(
a3
as
) 2γ
γ1
, (3.49a)
ρ3 =
γp3
a23
, (3.49b)
ρ2 =
γp2
a22
. (3.49c)
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The position of the head of the rarefaction wave at a later time t is given by
x2 = ls + (u2 − a2)t. (3.50)
Let the state to the right of the contact discontinuity be denoted by subscript 1. [see
equations (3.43a) and (3.44a)]
u1 = u2, (3.51a)
p1 = p2. (3.51b)
The position of the front of the contact surface at a later time t is given by
x1 = ls + u2t. (3.52)
Let the state to the right of the smaller shock be denoted by subscript v and the
smaller shockfront velocity be denoted by S1. The shock density, velocity and sound
speed of the shock can be expressed in terms of the shock pressure ratio (R = p1
pv
),
[see equations (3.40), (3.38), (3.39) and (3.37)]
a21
a2v
= R
γ2
γ1
+R
1 + γ2
γ1
R
, (3.53a)
u1 =
av
γ
R− 1
1 +
√
γ2
2γ
(R− 1)
, (3.53b)
ρ1 = ρv
γ2R + γ1
γ1R + γ
, (3.53c)
S1 = av
√
1 +
γ2
2γ
(R− 1). (3.53d)
The position of the shock front at a later time t is given by
xv = ls + S1t. (3.54)
The unknown shock pressure ratio p1
pv
needs to be obtained in terms of known shock
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pressure ratio ps
pv
. From equation (3.49a), we have
a2 = as
(
p2
ps
) γ−1
2γ
. (3.55)
Combining equations (3.55) and (3.47)
u2 = us +
2as
γ − 1
(
1−
(
p2
ps
) γ−1
2γ
)
. (3.56)
Combining equations (3.56), (3.51a) and (3.51b),
u1 = us +
2as
γ − 1
(
1−
(
p1
ps
) γ−1
2γ
)
, (3.57)
or
u1 = us +
2as
γ − 1
(
1−
(
p1
pv
pv
ps
) γ−1
2γ
)
, (3.58)
or
pv
p1
=
pv
ps
(
1 +
γ − 1
2as
(us − u1)
) 2γ
1−γ
. (3.59)
Finally combining equations (3.59) and (3.53b) gives,
ps
pv
=
p1
pv
1 + γ − 12as
us − avγ
p1
pv
− 1√
γ+1
2γ
(
p1
pv
− 1
)
+ 1


2γ
1−γ
. (3.60)
Equation (3.60) gives R = p1/pv in terms of the known shock pressure ratio ps/pv.
The equation can be solved using iterative techniques such as the bisection method
and the Newton’s method. If the initial guesses are p1/pv = 0.05ps/pv and p1/pv
= 0.5ps/pv, the Newton’s method converges quite rapidly. If the expression in the
square brackets is negative and γ > 1, then the Newton’s method fails. This difficulty
is overcome by using the bisection method for solving the equation. Once R is solved,
the flow parameters for the entire domain follow from equations (3.53a) – (3.49a).
In some cases, the Riemann problem may yield only one or two waves or very weak
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shock waves. To a large extent, the above solution procedure handles such cases
automatically. It should be noted that the rarefaction wave has to remain in the
domain of the stationary control volume at all times during the analysis. For very
weak shocks, the rarefaction wave might propagate backwards and outside the control
volume when lv/ls > S1/(us − as). These cases have not been considered in the
analysis. The smaller shock velocity is S1 and the length of the buffer is lv. Hence,
the time the incident wave takes to travel through the buffer and reach the wall is,
tv =
lv
S1
. (3.61)
The time taken by the incident wave to reach the wall when it is propagating in air
is,
t0 =
lv
Us
. (3.62)
3.3 Control Volume Analysis for the IncidentWave
Momentum
When a uniform shock wave reflects from a wall, the impulse exerted on the wall by
the shock wave decreases with the incident momentum of the wave. The metric used
for estimating the effectiveness of the air-vacated buffer for impulse mitigation is the
ratio of the momentum of the incident blast waves in the buffer and the reference
configurations.
The momentum can be obtained directly from the solution for the wave structure
that is described in Section 3.2. This might not yield a closed form expression since
the wave parameters are implicitly dependent on each other. A procedure utilizing
the conservation of momentum in the integral form is used to derive a simple equation
for the momentum contained inside the wave. The integral form of the conservation
laws can be used in problems where the wave properties at the edges of the domain are
of interest and the integrals of the wave properties such as the density, the pressure
and the velocity are important.
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Consider a control volume enveloping the entire wave in the domain. The Eu-
ler’s equation for the conservation of the momentum in Cartesian coordinates in the
integral form is [2]
∂
∂t
∫ ∫ ∫
V
ρu¯dV +
∫ ∫
S
(ρu¯.dS)u¯ = −
∫ ∫
S
pdS +
∫ ∫ ∫
V
ρfdV, (3.63)
where ρ, u¯ and p are density, velocity and pressure, V and S denote the control volume
and the control surface and f is the body force per unit mass. For one-dimensional
motion with no body forces,
∂
∂t
∫
X
ρudX +
∫
S
ρu(u.n¯) = −
∫
S
pn¯dS. (3.64)
S denotes the left and right ends of the domain and n¯ is the normal vector at these
ends. If P(t) =
∫
X
ρudX denotes the total momentum in the domain at time t,
∂P
∂t
+
∫
S
ρu(u.n¯) = −
∫
S
pn¯dS. (3.65)
A control volume may be drawn enclosing the entire region from the beginning of the
domain to the wall. For this control volume,
∂P
∂t
− ρsu2s + ρvu2v = ps − pv. (3.66)
Integrating with time from initial conditions to the time the incident wave just hits
the wall,
Pv − Pi = (ps + ρsu2s − pv)t. (3.67)
where Pv = P(tv) is the momentum of the incident wave in the buffer configuration
and Pi = P(0) is the initial momentum of the wave before it starts interacting with
the buffer.
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Re-arranging the equation,
Pv − Pi
(ps + ρsu2s)tv
= 1− pv
ps + ρsu2s
, (3.68a)
= 1− pv/p0
ps/p0 + (γρs/ρ0) (us/a0)
2 , (3.68b)
= 1− pv/p0F(us/a0) , (From equations (3.45a) to (3.45d)) (3.68c)
= 1− p¯vF(us/a0) , p¯v =
pv
p0
, (3.68d)
= 1− p¯vF(u¯s) , (3.68e)
where ps/p0 + (γρs/ρ0)(us/a0)
2 can be expressed as a function of a single non-
dimensional parameter, us/a0, in the function F(us/a0) by combining equations
(3.45a) to (3.45d). A similar analysis for a shock wave traveling in air yields,
P0 − Pi
(ps + ρsu2s)t0
= 1− p0
ps + ρsu2s
, (3.69a)
= 1− 1F(u¯s) . (3.69b)
where P0 = P(t0) is the momentum of the incident wave in the reference configura-
tion. Dividing equation (3.68a) by equation (3.69a),
Pv − Pi
P0 − Pi = f(p¯v, u¯s)
tv
t0
, (3.70a)
f(p¯v, u¯s) =
(
1− p¯vF(u¯s)
)
/
(
1− 1F(u¯s)
)
. (3.70b)
Combining equations (3.61), (3.62) and (3.70a),
Pv − Pi
P0 − Pi = f(p¯v, u¯s)
Us
S1
. (3.71)
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Combining equations (3.53d), (3.45a) and (3.71),
Pv − Pi
P0 − Pi = f(p¯v, u¯s)
γ2u¯s +
√
2γ22 u¯
2
s + 32
4
√
γ2
2γ
(R− 1) + 1
, (3.72a)
u¯s =
us
a0
, (3.72b)
R =
p1
pv
= G
(
ps
pv
,
us
a0
)
, (From equation (3.60)) (3.72c)
= G
(
ps/p0
pv/p0
,
us
a0
)
, (3.72d)
= H (u¯s, p¯v) . (3.72e)
where R = p1/pv and 1/(4
√
(γ2/2γ)(R− 1) + 1) can be expressed as functions of the
non-dimensional parameters, us/a0 and pv/p0, in the functions H(us/a0, pv/p0) and
h(us/a0, pv/p0) respectively, from equation (3.60).
Pv
P0
− Pi
P0
1− Pi
P0
= f(p¯v, u¯s)g(u¯s)h(p¯v, u¯s), (3.73a)
Pv
P0
=
Pi
P0
+
(
1− Pi
P0
)
f(p¯v, u¯s)g(u¯s)h(p¯v, u¯s). (3.73b)
By definition,
Pi = ρsus(L− lv), (3.74a)
P0 = ρsusL. (3.74b)
Combining equations (3.74a),(3.74b) and (3.53b)
Pv
P0
= f(p¯v, u¯s)g(u¯s)h(p¯v, u¯s)
lv
L
+
(
1− lv
L
)
, (3.75a)
Pv
P0
= f(p¯v, u¯s)g(u¯s)h(p¯v, u¯s)k(l¯v) + (1− k(l¯v)), (3.75b)
k(l¯v) = l¯v =
lv
L
. (3.75c)
Equation (3.75b) gives an equation for the relative momentum reduction, Prv =
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Table 3.1: Non-dimensional groups for uniform wave and point source.
Non-dimensionless Parameter Constant Wave Point Source Blast Wave
Length lv/L lv/L
Pressure pv/p0 pv/p0
Energy us/a0 E0/(p0L
3)
Pv/P0, which is the momentum of the incident wave in the buffer configuration as
compared to the reference configuration. This parameter is expressed in terms of the
non-dimensional buffer pressure, p¯v, the non-dimensional buffer length, l¯v and the
non-dimensional shock speed, u¯s. A comparison between the non-dimensional input
parameters for the uniform wave and the blast wave produced by the point source
explosion is made in Table 3.1. The dependence of the momentum reduction on the
input parameters is studied by varying one input parameter at a time and fixing the
others.
3.4 Variation of the Buffer Length
The relative momentum, Prv is plotted as a function of the buffer length, lv in Figure
3-4, for L = 1m, ps = 8.7 atm and pv = 0.001 atm. Prv decreases linearly with an
increase in the buffer length. If ps and pv are chosen in such a way that the slope of
the line is high, then a small increase in the length of buffer produces a large reduction
in Prv. Prv = 1 in the graph for the reference configuration (lv =0) as expected. The
value of lv/L = 1 corresponds to the maximum reduction of the incident momentum
that can be obtained by varying the length of the buffer for a given shock strength
and a given buffer pressure.
3.5 Variation of the Buffer Pressure
The relative momentum, Prv, is plotted as function of the the buffer pressure, p¯v in
Figure 3-5 for ps = 8.7 atm, L = 1m and lv = L. Prv decreases with a decrease in
the buffer pressure. Prv = 1 in the graph for the reference configuration (pv = p0) as
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Figure 3-4: Momentum of the incident blast wave as a function of the buffer length,
pv = 0.001 atm, ps = 8.7 atm, L = 1m.
expected. It is interesting to observe that Prv reduces to a constant limit as pv tends
to 0. This limit value can be derived analytically. From equation (3.60),
ps
pv
=
p1
pv
1 + γ − 12as
us − avγ
p1
pv
− 1√
γ+1
2γ
(
p1
pv
− 1
)
+ 1


2γ
1−γ
, (3.76a)
(
pv
ps
) 1
7
=
(
pv
p1
) 1
7
1 + γ − 12as
us − avγ
p1
pv
− 1√
γ+1
2γ
(
p1
pv
− 1
)
+ 1

 , (3.76b)
(
pv
ps
) 1
7
=
(
1
R
) 1
7
(
1 + k1
(
k2 − k3 R− 1√
k4 (R− 1) + 1
))
, (3.76c)
k1 =
γ1
2as
, k2 = us, k3 =
av
γ
, k4 =
γ2
2γ
, γ2 = γ + 1, γ1 = γ − 1. (3.76d)(
Rpv
ps
) 1
7
= 1 + k1k2 − k1k3 R− 1√
k4(R− 1) + 1
. (3.76e)
When pv → 0, (Rpv)/ps = p1/ps → 0. This is seen in Figure 3-6 where Rpvps is plotted
as a function of pv for strong and weak shocks. This implies that the strength of
the shock wave propagating in the buffer is very low when the buffer has near zero
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Figure 3-5: Momentum of the incident blast wave just before reflection as a function
of the buffer pressure, lv = L = 1m, ps = 8.7 bar.
pressure. This near zero buffer pressure is the ‘threshold buffer pressure’. Equation
(3.76e) simplifies greatly when pv is lower than the threshold buffer pressure.
When pv → 0, (1 + k1k2)
√
k4(R− 1) + 1→ k1k3(R− 1), (3.77a)
or approximately, (1 + k1k2)
√
k4(R− 1) + 1 = k1k3(R− 1), (3.77b)
(1 + k1k2)
2(k4(R− 1) + 1) = (k1k3)2(R− 1)2. (3.77c)
Solving the quadratic equation (3.77c)(R is always ≥ 1) gives
R = 1 +
1
k4
κ2 +
√
κ4 + 4κ2
2
, κ =
k4 + k1k2k4
k1k3
, (3.78a)
Pv
P0
=
γ2u¯s +
√
2γ22 u¯
2
s + 32
4
√
1 + κ
2+
√
κ4+4κ2
2
(
1− p0
ps+ρsu2s
) , (From equation (3.75b)), (3.78b)
Equation (3.78b) gives a simplified expression for the maximum reduction in the
incident wave momentum (note that lv = L) that can be obtained for a shock wave
of a given strength. The concept of the threshold pressure can be explained through
equation (3.78b) also. When Rpv/ps → 0, it is observed that this equation has no
term containing pv. This implies that as long as the strength of the smaller shock is
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Figure 3-6: Variation of p1/ps with pv in atm. The black solid line denotes ps=1e5
pa and the black dotted line denotes ps=3e7 Pa.
small compared to the main shock, the mitigation remains constant. The maximum
reduction predicted through equation (3.78b) is verified with the maximum reduction
obtained exactly through equation (3.75b) in Table 3.2. The comparison shows that
the prediction is accurate compared to the exact results.
Table 3.2: Maximum impulse reduction obtained for given shock strength and buffer
length through exact and simplified expressions, lv = L = 1m.
Shock strength Pv/P0
us in ms
−1 ps in bar Exact Limit
150 1.7123 0.3497 0.3497
200 2.0259 0.2936 0.2936
500 4.8979 0.2356 0.2355
750 8.7 0.2425 0.2425
1000 14.071 0.2507 0.2507
3.6 Variation of the Shock Strength
The relative momentum, Prv is plotted as a function of the shock strength, ps/p0
in Figure 3-7, for lv = 0.3m, L = 1m and pv = 0.001 atm. Prv decreases with
increasing shock strength and then remains approximately constant. This implies
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that the effectiveness of the buffer in mitigating blast impulse reduces as the shock
strength increases.
3.7 Approximate Analytical Solution for the
Incident Wave Momentum
Equation (3.60) is evaluated using the bisection method. The use of an iterative
method can be eliminated altogether by reducing the order of the equation using
an approximation. The Taylor’s series is used to expand the term R1/7 to a first
order accuracy around R = 1. The equation for R then simplifies to a polynomial
equation of third order and the solutions can be obtained in a closed form without
any iterations. Using Taylor’s series for an approximation of (Rpv/ps)
1/7 around R =
1 or Rpv/ps = pv/ps,
(
Rpv
ps
) 1
7
=
(
pv
ps
) 1
7
+
(
1
7
)(
pv
ps
)− 6
7
(
Rpv
ps
− pv
ps
)
+O
((
Rpv
ps
− pv
ps
)2)
, (3.79a)
(
Rpv
ps
) 1
7
=
(
pv
ps
) 1
7 R + 6
7
. (3.79b)
Combining equation (3.79b) and equation (3.75b)
AR3 +BR2 + CR +D = 0,
where A = k4χ
2
4,
B = χ22χ
2
4 − 2χ4χ6k4 − χ23,
C = χ26k4 − 2χ2χ4χ6 + 2χ23,
D = χ2χ
2
6 − χ23,
χ1 = 1 + k1k2, χ2 = 1− k4, χ3 = k1k3,
χ4 =
1
7
(
pv
ps
) 1
7
, χ5 = 6χ4, χ6 = χ1 − χ5.
(3.80)
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Figure 3-7: Momentum of blast wave just before reflection as a function of ps for
strong shocks, pv = 0.001 atm, lv/L = 0.3.
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The solution for equation 3.80 can be obtained analytically and it reads as
R = − B
3A
− 2
1
3 (−B2 + 3AC)
αβ
+
α
2
1
3β
,
β = 3A,
α =
(
−2B3 + 9ABC − 27A2D +
√
4(−B2 + 3AC)3 + (−2B3 + 9ABC − 27A2D)2
) 1
3
(3.81)
Once R is obtained through equation (3.81), Pv/P0 can be calculated in a straight-
forward manner from equation (3.75b). A comparison of Rpv/ps and Pv/P0 obtained
using the exact and the approximate methods as a function of pv/ps is made in Figure
3.7. The approximation match well with the exact solutions when the buffer pressure
is close to the atmospheric pressure or low compared to atmospheric pressure. In
both these cases, the pressure of the smaller shock wave is almost equal to the buffer
pressure, or R = 1 and the Taylor series approximation is exact.
3.8 Consistency of the Analytical and the
Numerical Results
The validity of the analytical solution derived in equation 3.75b is checked by com-
paring the momentum reduction obtained using this equation with the momentum
reduction obtained through simulations in AMROC. The comparison is shown in
Figure 3-9. Both results match very well and there is less than 1% difference in the
results obtained from the analytical and the numerical methods.
3.9 MomentumMitigation in a UniformWave and
a Point Source Blast Wave
A qualitative comparison is made in Table 3.3 between the momentum reductions in
the uniform wave and the point source wave after their interactions with the buffer.
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Figure 3-8: Exact (solid) and approximate (dotted) solutions to Rpv/ps and Pv/P0
as a function of pv/ps keeping ps unchanged.
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Figure 3-9: Comparison of the momentum reduction obtained from analytical and
numerical methods.
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Table 3.3: Similarities in the pressure and impulse relief obtained in the uniform wave
and the point source blast wave using an air-depleted buffer.
Uniform wave Point source blast wave
1. The wave structure obtained from the
blast-buffer interaction is self similar.
The structure consists of a rarefaction
wave, a contact discontinuity and a low
intensity shock wave. For very low buffer
pressures, the rarefaction wave propagates
backwards.
1. The wave structure obtained from the
blast-buffer interaction is non self-similar.
The structure consists of consists of
an unsteady rarefaction wave, a contact
discontinuity and a shock wave. For very
low buffer pressure, the rarefaction wave
propagates backwards.
2. As the buffer pressure decreases, a
higher mitigation is seen in the incident
momentum. When the buffer pressure
is very small, a limit on the mitigation
is observed.
2. As the buffer pressure decreases, a
higher mitigation is seen in the reflected
pressure and the transmitted impulse.
When the buffer pressure is very small, a
limit on the mitigation is observed.
3. The incident momentum decreases
linearly with an increase in the
buffer pressure.
3. When the buffer length increases, the
reflected pressure and the transmitted
impulse decrease monotonically.
4. The mitigation of the incident
momentum becomes constant when
the shock pressure exceeds a certain value.
4. The mitigation of the reflected
pressure becomes constant and the
impulse mitigation reaches a no-buffer
limit when the blast energy exceeds a
certain value.
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Chapter 4
Conclusions
The pressure of the blast waves traveling in a medium of depressed air, with pressure
and density lower than ambient air, can be significantly lower than the pressure of
blast waves traveling in air, depending on the depressed air pressure. Based on this
observation, a concept has been proposed that could lead to the development of
strategies for blast mitigation. A buffer containing depressed air is placed prior to
the target object so that the blast wave interacts with the buffer before impinging on
the target.
Simulations have been conducted to examine the role of the buffer in blast mitiga-
tion. It has been observed that the interaction of the high intensity blast wave with
the low pressure buffer results in an unsteady flow containing a shock wave with a
much lower intensity, a contact discontinuity and a rarefaction wave. When the buffer
to shock pressure ratio is extremely low, the original blast wave is totally defeated
and is replaced by a rarefaction wave traveling backwards. Non-dimensional parame-
ters that govern the problem have been derived to characterize the effect of the input
parameters on the impact of the blast wave on the structure. The reductions in the
maximum reflected pressure and the maximum impulse on the wall in the presence
of buffer have been analyzed with changes in the buffer length, buffer pressure and
the energy of the blast source. The lower the buffer pressure and higher the buffer
length, the more significant is the overpressure and impulse relief.
The pressure and impulse mitigation remains unchanged when the buffer pressure
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is reduced below a threshold pressure. This threshold pressure decreases with an
increase in buffer length and remains almost the same for incident overpressures
varying from a few tenths of an atmosphere to a few atmospheres. The buffer layer
is effective for impulse relief for incident overpressures in this range. This makes the
concept very relevant for design of protection systems for injury mitigation.
By approximating the blast wave as a uniform shock wave, an analytical solution
for the wave structure resulting from the blast-buffer interactions has been presented.
An expression for the reduction in the incident wave momentum in the presence of
the buffer has been derived. A good match has been obtained between the analytical
results and numerical results obtained from simulations of uniform shock interaction
with the buffer. The reduction in the incident wave momentum in the presence of
a buffer increases linearly with buffer length and remains almost the same when the
buffer pressure is reduced below a threshold pressure.
The concept of air-vacated buffer layers could be used in the development of
strategies to reduce the damaging effects of blast waves on structures, vehicles and
people. The concept could be applied to develop blast protection systems such as
air-vacated sandwich panels, helmets with a depressed-air core etc.
The author proposes extension of the work presented in this thesis in the following
directions:
1) Modeling of blast-buffer interaction and consequent reflection from a plate of
finite mass to understand the combined effects of Fluid Structure Interaction
and the airvacation strategies.
2) Investigation of pressure and impulse histories on a plate in a two or three dimen-
sional geometry after blast-buffer interaction to include the role of diffraction
in pressure relief.
3) Extension of the analytical solutions from the uniform shock wave interaction
with the buffer to simple wave and unsteady shock wave interaction with the
buffer.
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4) Modeling of the geometry of air-vacated sandwich panels and numerical exper-
iments on their potential benefits for overpressure and impulse relief of blast
waves.
5) Investigation of pressure and impulse histories on a wall when the sound speed
in the buffer is not necessarily equal to the sound speed in air in general. Inves-
tigation of the influence of the buffer pressure and buffer density individually
on the overpressure relief in particular.
This thesis has not addressed the practical issues in the implementation of the air-
vacated buffer concept. Some of them include detailing a procedure to deplete the air
layer near the target structure and maintaining equilibrium at the wall with depressed
air on one side and ambient air on another. It is hoped that future work will be
able address these issues which would help further the work done so far towards the
design and implementation of protection systems utilizing the proposed concept for
blast mitigation.
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